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Abstract 
Conventional surface roughness measurements provide surface topography information at one length scale only. Many applications, 
including osseointegration performance in the biomedical field, may require surface topography information at reduced length 
scales to improve performance. This paper presents an evaluation of surface roughness for length scales down to 5 microns for 
outside turned Grade 4 titanium alloy. The effect of cutting speed and feed rate are also evaluated. Surface roughness, skewness and 
kurtosis are evaluated at different length scales for different cutting parameters and compared to the theoretical expected behaviour. 
It was concluded that there exists a significant sub-micron surface roughness component that is not fully captured by the 
conventional roughness measurement techniques. It was also found that the variable length scale surface topography was affected 
by certain cutting parameters. 
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1. Introduction 
The topography of a parts surface can influence 
performance in a wide range of engineering applications. 
The surface topography over various length scale ranges, 
from a fraction of a micron up to several tens of microns 
has been found to affect titanium part performance in a 
wide range of biomedical applications [1, 2, 3]. 
Currently expensive finishing techniques such as 
polishing, blasting, laser pitting and plasma deposition 
are used to control fine scale surface topography [1]. 
Titanium is an important engineering material often used 
for its high strength to weight ratio and corrosion 
resistance in oxygenous and hydrogenous environments 
[4]. Grade 4 titanium is a commercially pure titanium 
alloy with higher percentages of interstitial elements 
than grades 1 – 3. Grade 4 titanium alloy is a commonly 
used biomedical and dental material because of its 
compatibility with human physiology [5, 6]. 
The turning process is often used to create 
components for biomedical applications. Turning may 
impart unique surface irregularities onto the material 
which are dependent on the cutting parameters [7, 8]. 
Research performed by van Trotsenburg [7] and 
Mawanga [8] found that cutting speed, depth of cut and 
feed rate all have an effect on the surface finish of turned 
titanium alloys.  
Various investigations have shown that different 
levels of surface roughness affect different 
osseointegration parameters. Osseointegration refers to 
the functional connection between living bone and the 
surface of an implant. Guehennec et al showed that 
different length scales of roughness (macro, micro and 
nano) each affect different characteristics of 
osseointegration and that an ideal osseointegration 
surface consist of pits of a Ͷߤ݉ diameter and a ͳߤ݉
depth [6]. Other researchers have shown an increase in 
short term cell adhesion and protein absorption with an 
increase in low level roughness (Ĭ0.1μm) while higher 
level roughness values affect long term adhesion [2]. 
Variable length scale (VLS) roughness implies 
roughness measurement over length scales different 
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from conventional techniques to measure surface 
topography. The Variable Length Scale (VLS) technique 
can be used to quantify Root Mean Square (RMS) 
roughness, skewness and kurtosis of a surface at 
different levels. Chauvy et al found that a linear 
resolution of at least 10 times less than the minimum 
scale length investigated is required. Diminishing gains 
or a reduction in accuracy improvement were 
experienced at a point density of 10 or greater samples. 
Therefore a minimum point density of 10 is 
recommended for VLS analysis [1]. 
2. Experimental program 
Conventional outside turning (flood cooling) was 
conducted on a 75 mm Grade 4 titanium alloy bar at 
various cutting parameters for ͳܿ݉ segments. The bar 
was then sliced and segmented into different samples. 
The samples were measured and the data was analysed. 
The tests were performed at the following parameters: 
x 0.25 mm depth of cut 
x 0.1, 0.2 and 0.3 mm/rev feed rates 
x 50, 100, 150, 200, 250 and 300 m/min cutting 
speeds 
x Tool geometry and cut length were kept 
constant 
x The tool was a CNMX 43A2 SM Grade H13A 
tool insert with a 0.8 mm diameter round nose 
Depth of cut was kept constant as the depth of cut 
should theoretically have less of an effect on the surface 
properties than feed rate or cutting speed.  
Roughness data was obtained by conventional trace 
surface roughness measurement (Hommel T500) and 
Atomic Force Microscopy (AFM) (Nanosurf Easyscan 
2). Due to the high resolution (1 nm) but limited range 
(70 μm) of the AFM scan-head individual scans had to 
be combined to capture the full extent of a typical 
groove,100 to 300 μm dependent on the feed rate. 
Dedicated code was developed to correctly align and 
combine such scans by utilizing Scilab, an open-source 
matrix based computation package available at 
http://www.scilab.org/. This created a detailed 
topographical map at high resolution that could be 
further evaluated at various length scales.  
Roughness, skewness and kurtosis can then be 
calculated for a scale length ε according to: 
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RMS Roughness ሺܴఌሻ  quantifies the average 
deviation of a surface from a mean line. Skewness ሺܵ݇ఌሻ 
describes the symmetry of a surface profile. ܵ݇ఌ ൐ Ͳ 
implies sharp, high peaks with wide valleys, ܵ݇ఌ ൏ Ͳ 
implies the opposite while ܵ݇ఌ ൌ Ͳ  implies equal 
distribution. Kurtosis describes the frequency of change. 
ܭݑఌ ൐ Ͳ implies frequent, thin peaks (leptokurtic) and 
valleys while ܭݑఌ ൏ Ͳ  implies the opposite 
(platykurtoic). ܭݑఌ ൌ Ͳ  implies normally distributed 
peaks and valleys (mesokurtic).  
3. Results and Discussion 
3.1. General Surface Topography 
Fig. 1 shows a typical optical plan view of a turned 
surface at a feed rate of ͲǤͳ݉݉Ȁݎ݁ݒ . The turning 
groove sides are clearly visible along with the internal 
micro grooving which forms the focus of the current 
investigation. 
 
 
 
 
 
 
 
 
 
 
Fig. 1, Optical Microscope image of a Grade 4 titanium surface turned 
at a feed rate of 0.1 mm/rev (250x Magnification) 
 
 
 
 
 
 
 
Fig. 2, AFM plot of a turned titanium surface at a feed rate of 0.2 
mm/rev (Generated in Scilab) 
Fig. 2 shows a typical AFM plot generated by Scilab 
after alignment and combination of multiple smaller 
scans at a feed rate of ͲǤʹ݉݉Ȁݎ݁ݒ. The method uses a 
gradient based repetitive search function to find the best 
fit location on two separate sets of data. The process is 
streamlined by limiting the search parameters to a 5 μm 
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range. Finer micro grooves were found to exist on all 
turned specimens analysed parallel to the major grooves.  
3.2. Conventional Surface Roughness 
Arithmetic mean roughness ሺܴ௔ሻ  values were 
measured to characterize the basic surface topography. A 
trace length of 1.5 mm was used due to the size of the 
specimens. Multiple data points (>3) were used for each 
specimen in order to reduce the measurement error. The 
variation of the conventional roughness for various 
different cutting parameters are presented in Fig. 3.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3, Conventional roughness as a function of cutting speed 
No clear trend is immediately visible but if the data 
points corresponding to the extremities of high metal 
removal rate at low (blue circled points) and high (red 
circled points) cutting speeds that lead to low speed 
chatter and high speed rapid tool deterioration are 
removed a trend is visible (see Fig. 4). An 
intermediateͳͲͲȂ ʹͲͲ݉Ȁ݉݅݊  cutting speed range is 
identified with the highest conventional roughness.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 4, Conventional roughness vs. cutting speed with selected data 
point at the extremities removed 
By assuming a perfect shearing process, the feed rate 
and tool geometry can be used to approximate the 
surface profile and a theoretical roughness can be 
calculated. This is obtained by assuming a perfectly 
smooth tool cutting face with perfect geometry. The 
surface is therefore generated by assuming that a 0.8 mm 
diameter round groove exists every feed (0.1, 0.2 or 0.3 
mm/rev). The standard roughness, skewness and kurtosis 
formula are then used on thus generated surface to 
obtain theoretical curves. These results are compared to 
the experimental results in Table 1. 
Table 1, Experimental vs. Theoretical Conventional Roughness 
Component Feed 0.1 (mm/rev) 
Feed 0.2 
(mm/rev) 
Feed 0.3 
(mm/rev) 
Theoretical 0.40 1.60 3.63 
Experimental 0.26 0.35 0.41 
 
The experimental and theoretical results were found 
to deviate noticeably. The results do, however, still 
retain a near linear trend to one another. In order to 
investigate why such a large deviation was present, the 
theoretically generated surfaces were compared to the 
actual surfaces.  
Fig. 5 shows a typical experimental surface trace 
compared directly to the theoretically expected surface 
for a sample cut with a feed rate of 0.2 mm/rev. It was 
observed that in almost all cases the expected macro 
groove peaks on the experimental surfaces do not exist. 
These shear off during the cutting process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5, Typical experimental vs. Theoretical roughness trace plot (0.2 
mm/rev feed) 
Chatter usually occurs at too low and too high cutting 
speeds. For example Muthukrishnan et al. found that 
chatter occurred when a low cutting speed and high 
material rate were used to cut titanium [10]. This can be 
reduced by damping machine vibration or increasing 
drive power and stiffness of the lathe. Large scale chatter 
usually increases surface roughness. Fig. 5 clearly shows 
that the conventional roughness is largely a function of 
how much of the groove peaks are retained. The current 
data and especially the higher roughness in the 
intermediate region seems to suggests that at these 
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“stable” conventional cutting speeds more of the groove 
peaks are retained. The best surface finish was obtained 
on the boundaries of the unstable regions (chatter) where 
instabilities lead to less of the groove peaks to be 
retained.  
3.3. Reduced Scale Length Surface Topography 
Variable length scale (VLS) roughness, skewness 
and kurtosis were calculated from the various 
topography maps. A typical map consisted of 128 
roughness traces that were all evaluated for different 
scale lengths. The readings were compiled into a single 
data set for each set of cutting parameters. A linear 
resolution of ͲǤͶͺ͵ߤ݉ was used on the AFM and thus 
the minimum scale length analysed was ͶǤͺ͵ߤ݉ . To 
compare the data from different feed rates, the length 
scales were then normalised as a function of the feed rate 
as shown in Eq. 4 where SL is scale length and FR is the 
feed rate.  
ܰ݋ݎ݈݉ܽ݅ݏ݁݀ܵܮ ൌ ௌ௅ிோ (4) 
A comparison was conducted in which the upper 
bound length scales of the AFM data was compared to 
conventionally measured roughness data to check 
compatibility (see Fig. 6). An almost linear trend is 
observed with some minor scattering. This implies that 
the AFM data tended consistently towards the 
conventional roughness at the higher scale lengths as 
expected. 
 
 
 
 
 
 
 
 
 
 
Fig. 6, Conventional vs. RMS VLS maximum roughness for different 
cutting parameters. 
Results were obtained where the conventional 
grooves were removed from the data using different 
methods. The methods used included a FFT (Fast 
Fourier Transform) and a simple data fit and value 
subtraction. While this could be performed fairly 
accurately to simplify the data to a near linear trend the 
general surface characteristics were altered. The curves 
were therefore left unaltered in the final investigation 
although further analysis could be performed using the 
modified surface data. 
3.3.1. Root Mean Square Roughness 
 
The Root Mean Square Variable Length Scale (RMS 
VLS) roughness was calculated using the data measured 
by the AFM. Results are presented for length scales up 
to approximately 0.8 of the feed rate. At length scales 
above this the topographical parameters remain fairly 
constant. The variation of RMS roughness as a function 
of normalized scale length for different feed rates is 
presented in Fig. 7 (cutting speed 150 m/min). 
Theoretical values obtained from calculating the variable 
length scales on a perfectly machined groove are also 
plotted for comparison. No clear trend as regards to 
cutting speed was observed, therefore VLS roughness 
averaged for all the cutting speeds evaluated are 
presented in Fig. 8. At lower scale lengths the measured 
roughness is appreciably higher than the theoretical 
roughness due to the existence of minor surface grooves 
or fine (short wavelength) surface irregularities. At 
higher scale lengths, close to the width of the major 
surface grooves, the measured roughness tends to be 
lower than the theoretical roughness due to the loss of 
the major cutting groove peaks. The transition period 
where the theoretical data displays a higher roughness 
than the measured data differs for each set of cutting 
parameters. It was found that the lower the feed rate 
(major groove width) the higher the transition period 
was as a percentage of the groove width. Cutting speed 
and depth of cut were found to have less of an effect on 
this transition region. 
 
 
 
 
 
 
 
Fig. 7, Surface Roughness vs. Normalized Scale Length for specimens 
machined at 150 m/min cutting speed 
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Fig. 8, Surface Roughness vs. Normalized Scale Length for the 
average of the specimens machined at different cutting speeds 
An AFM investigation of the tool surface (see Fig. 9) 
found that some of the intermediate scale length 
roughness is most likely caused by the tool edge surface 
finish as the scale length and roughness are similar. 
 
 
 
 
 
 
Fig. 9, AFM investigation of insert edge surface finish. 
3.3.2. Skewness 
The skewness results for the data obtained for the 150 
m/min and the average obtained over the set of cutting 
speeds are presented in Figs. 10 and 11 respectively. The 
data shows that at low length scales the skewness is near 
0. This implies that at these length scales the surfaces 
exhibit near equal peaks and valleys. As the normalized 
length scale increases over 0.3 the skewness begins to 
increase gradually. This shows that at a larger scale 
length the surface has wide valleys with infrequent high 
peaks. 
 
 
 
 
 
 
 
 
 
 
Fig. 10, Skewness vs. Normalized Scale Length for specimens 
machined at a 150 m/min cutting speed 
 
 
 
 
 
 
 
 
 
Fig. 11, Skewness vs. Normalized Scale Length for the average of the 
specimens machined at different cutting speeds 
The transition region between near 0 skewness and 
gradually increasing skewness at a normalized length 
scale of 0.3 is similar to that seen for the roughness. This 
implies that the feed rate has an effect on the sub-major 
feature skewness of a turned specimen. The skewness 
was observed to be lower than theoretically expected 
which confirms that the major surface peak was sheared 
off and the minor peaks exist throughout the profile. 
3.3.3. Kurtosis 
Figs. 12 and 13 show the kurtosis as a function of the 
normalized length scale for the specimens produced at a 
cutting speed of 150 m/min and the average kurtosis of 
the specimens produced over the range of cutting speeds. 
The kurtosis is higher than expected at normalized 
length scales of 0.3 and lower. This shows that there are 
frequent sharp peaks and valleys at these length scales. 
As the normalized length scale reaches about 0.3 the 
kurtosis begins to match the theoretically expected 
results. At normalized length scales above 0.3 the 
kurtosis tends to follow a similar trend to the theoretical 
data. 
 
 
 
 
 
 
 
 
 
 
Fig. 12, Kurtosis vs. Normalized Scale Length for specimens machined 
at a 150 m/min cutting speed 
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Fig. 13, Kurtosis vs. Normalized Scale Length for the average of the 
specimens machined at different cutting speeds 
The results at high scale lengths are, however, lower 
than theoretically expected which could be accounted for 
by the loss of the major surface peaks. These results 
show that the lower the feed rate the more the kurtosis 
deviates from the theoretically expected results. This 
implies that the surfaces produced at a lower feed rate 
show less frequent sharp peaks and valleys at higher 
normalized length scales. 
The kurtosis shows that the feed rate can have an 
appreciable effect on the nature of a surface at different 
scale lengths. The change in cutting speeds shows minor 
difference in kurtosis over the range investigated. 
4. Observations and Conclusions 
A general analysis of the surface topography of 
turned Grade 4 titanium alloy showed fine surface 
features predominantly ͳȂ ͵Ͳߤ݉ in width and less than 
ʹߤ݉  in height parallel to the tool progression. The 
conventional roughness data was found to be lower than 
theoretically expected due to the loss of the major peaks 
during machining. The conventional roughness was 
found to peak at cutting speeds of about 150 m/min due 
to relatively stable cutting conditions retaining the 
maximum of the groove peaks. 
The VLS data was found to differ appreciably from 
the theoretically generated curves. At low length scales 
the roughness was found to be higher than expected due 
to the existence of fine surface grooves. At high scale 
lengths the opposite is true due to the loss of the major 
groove peaks. The transition region between these two 
states was found to be dependent on the feed rate used 
during machining. The transition region occurred at a 
normalized length scale of about 0.3.  
The skewness was found to behave erratically at scale 
lengths below 33% of the major surface feature size. At 
these low length scales the skewness tended to be near 0 
which implies near equally distributed peaks and valleys. 
At high length scales the surfaces displayed positive 
skewness which shows that they retain their basic form 
of infrequent sharp peaks with large blunted valleys. The 
kurtosis was found to be predominantly positive over all 
scale length ranges. This shows that the surfaces contain 
frequent peaks and valleys. The high kurtosis at low 
length scales confirms the existence of the finer sub-
feature grooves. The kurtosis at high length scales shows 
that the feed rate has an appreciable effect on the 
structure of a turned surface. 
It was concluded that it is possible to exhibit some 
control of the sub-micron surface topography of turned 
Grade 4 titanium alloy by altering the machining 
parameters. The feed rate was found to not only alter the 
roughness but also the overall nature of each surface 
(skewness and kurtosis). The cutting speed was found to 
have less effect while only affected certain length scales.  
The results indicated that the turning process 
investigated here produced roughness values over nearly 
the full spectrum of length scales associated with the 
osseointegration process.  The topographical shape of 
surface varied between successive recurrent peaks and 
blunted valleys related to the feed rate at larger lengths 
scales to more randomly distributed peaks and valleys at 
lower length scales.  The extent of topographical 
properties on the different length scale roughness 
regions and their effect on the osseointegration process 
and the ability to engineer the surface for improved 
biomedical performance warrants further investigation. 
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